Background: Schizophrenia is characterized by the disruption of microstructural white matter (WM) integrity, while the pathogenesis remains unclear. Inflammation has been associated with the WM pathology in schizophrenia. Interleukin 10 (IL-10) has been proven to be related to schizophrenia in both animal and human models. The aim of this study was to explore whether peripheral IL-10 was associated with microstructural WM integrity in schizophrenia.
INTRODUCTION
Schizophrenia is considered a disconnection disorder characterized by disrupted white matter (WM) integrity (Viher et al., 2016; Di Biase et al., 2017; Kelly et al., 2018) . Although the pathogenesis of disrupted WM integrity in schizophrenia remains unclear, neuroinflammation mediated by cytokines appears to be an important pathogenic mechanism (Frodl and Amico, 2014; Najjar and Pearlman, 2015) . Moreover, evidence from genomic, blood, postmortem and neuroimaging studies indicates that inflammation plays an important role in the pathophysiological process of schizophrenia (Borovcanin et al., 2015; Najjar and Pearlman, 2015; Fond et al., 2016; Khandaker and Dantzer, 2016; Shivakumar et al., 2018; Xiu et al., 2018) . For example, the polymorphisms of interleukin (IL) -10, IL-6 and tumor necrosis factor α (TNF-α) are related to a high risk of developing schizophrenia (Shivakumar et al., 2018; Xiu et al., 2018) and their levels in blood are higher in schizophrenia patients compared with healthy subjects (Kunz et al., 2011; Lee et al., 2017) . Elevated expressions of IL-6, IL-1β, IL-8, and SERPINA (a serine protease inhibitor) were associated with a higher WM neuron density below the orbitofrontal cortex in schizophrenia (Fung et al., 2014) . Besides, a neuroimaging study found that serum IL-6 and C-reactive protein (CRP) were associated with reduced fractional anisotropy (FA) of WM in schizophrenia, though there was no significant difference in IL-6 and CRP levels between schizophrenia patients and the controls (Prasad et al., 2015) . The evidence indicates that the dysregulation of cytokines could lead to the pathophysiological changes of WM in schizophrenia.
Among these cytokines, IL-10, a regulatory cytokine, maintains the balance between pro-inflammatory and antiinflammatory cytokines (Murray, 2006) . Growing evidence has demonstrated that IL-10 is associated with schizophrenia. For example, it has been reported that increased IL-10 expression alleviates behavioral abnormalities in a mouse model (Meyer et al., 2008) . In addition, a meta-analysis of genomic studies demonstrated that subjects with a single nucleotide polymorphism (SNP, rs1800872) and two haplotypes (A-C-A and G-C-C) of IL-10 are vulnerable to schizophrenia (Gao et al., 2014) . Furthermore, a previous study found an elevation of systemic IL-10 in patients with schizophrenia compared with healthy controls (Kunz et al., 2011) . Peripheral IL-10 levels were also correlated to the severity of clinical symptoms of schizophrenia (Xiu et al., 2016) . Additionally, it was also observed that atypical antipsychotics could upregulate the blood IL-10 levels (Sugino et al., 2009) .
Growing evidence suggests that IL-10 might be associated with WM anomalies (Pang et al., 2005; Vidal et al., 2013) .
A previous study on rhesus macaques found that higher IL-10 levels in serum were positively associated with WM volume in the regions below the inferior parietal sulcus, at the tail of the lateral lunate sulcus and with WM density in the dorsal prefrontal cortex (Willette et al., 2013) . Additionally, in vivo studies indicated a link between peripheral IL-10 and microstructural WM integrity. The inflammatory score composited of blood IL-10 and other cytokines including TNF-α, IL-23, and IL-1β was negatively associated with lower FA in patients with Alzheimer's disease (Swardfager et al., 2017) . In addition, peripheral IL-10 was negatively associated with FA and positively associated with radial diffusivity (RD) and mean diffusivity (MD) in patients with bipolar disorder, however, there were no controls in this study (Benedetti et al., 2016) . To our knowledge, no in vivo study has examined the relationship between systemic IL-10 and microstructural WM integrity in schizophrenia.
Thus, the aim of the present study was to explore whether the changes of peripheral IL-10 were related to the disruption of microstructural WM integrity in vivo and clinical symptoms, as well as cognitive ratings in schizophrenia.
MATERIALS AND METHODS

Participants
Forty-seven patients with schizophrenia (28 males and 19 females; mean age [ ± SD], 31.85 ± 11.10 year, range: 21-52 year; mean education [ ± SD], 12.26 ± 2.76 year; mean duration of illness [ ± SD], 7.77 ± 6.99 year) were recruited from the Outpatient Center of the Department of Psychiatry, West China Hospital of Sichuan University. All Patients were diagnosed with schizophrenia using the Structured Clinical Interview for DSM-IV. All patients had received outpatient monotherapy with antipsychotic drugs for at least 6 months and reached the stable phase. All patients were medication free for 10-14 days before the study enrollment.
A total of 49 healthy subjects (22 males and 27 females; mean age [ ± SD], 34.63 ± 9.28 year, range: 26-50 year; mean education [ ± SD],14.49 ± 4.33 year) were recruited from the local area via the distribution of poster advertisements. They were screened using the non-patient version of the Structured Clinical Interview for DSM-IV, to exclude those with a history of psychiatric illness. Furthermore, none of their first-degree relatives had a known history of psychiatric illness. Exclusion criteria for both groups were: being left handed, history of neurological illness, autoimmune diseases (such as systemic lupus erythematosus, rheumatoid arthritis, and others) or acute infectious illness within the 4 weeks prior to the study, thyroid dysfunction (assessed regularly by measuring the serum triiodothyronine, thyroxine, and thyroid-stimulating hormone in the Outpatient Center), administration of non-steroidal antiinflammatory drugs or antibiotic drugs within the 4 weeks prior to the study, alcohol or illegal drug dependence/abuse and pregnancy. Magnetic resonance imaging (MRI) scanning, blood sampling and clinical assessment were completed on the same day.
The study was approved by the Ethics Committee of the West China Hospital of Sichuan University. All participants provided written informed consent after being informed about the details of the study.
MRI Protocol
The MR imaging scans were performed on a 3.0 Tesla Siemens Magnetom Skyra system. The diffusion tensor images (DTIs) were acquired and the parameters were: two b0 images and 60 images with b-value of 1000 s/mm; echo time (TE) 93.0 ms, repetition time (TR) 6800 ms, field of view (FOV) 230 mm × 230 mm × 150 mm, flip angle 90 • , voxel size 1.8 mm × 1.8 mm × 3.0 mm, slices 50 and slice thickness 3.0 mm. All acquired images were inspected for significant scanning artifacts and gross brain abnormalities and none were observed in any participant.
Image Processing
The original DICOM images were shifted to NIFTI images using MRIcron software 1 and were then processed using the FDT toolbox of FSL 5.0.6 2 . Head motion and eddy current were corrected and the non-brain tissues were then removed. Diffusion eigenvectors, eigenvalues and FA were calculated. Tract-based spatial statistic (TBSS 3 ) was then conducted for voxel-wise statistical analyses (Smith et al., 2006) . Briefly, a non-linear registration tool (FNIRT) was used to register the individual FA map into the standard space. All transformed FA maps were combined into a four-dimensional image, averaged to form mean FA images, and finally a mean FA skeleton template was created. The FA threshold was defined at 0.2 to separate WM and non-WM areas, including gray matter, ventricles, and cerebrospinal fluid. Finally, the registered FA images were projected onto the FA skeleton which created a four-dimensional skeletonized image containing all subjects. Similar analyses were performed for axial diffusivity (AD), MD, and RD.
Peripheral IL-10 Measurement
Venous blood was collected from all subjects and heparin was the anticoagulant. Within 30 min of collection, blood samples were centrifuged at 1500 rpm for 20 min. Then, plasma samples were stored at −80 • C until the concentrations were measured. The peripheral IL-10 concentrations were determined using the Q-Plex TM Custom Assay and were measured twice. The mean values were calculated for the following statistical analysis.
Clinical Measures
The severity of psychotic symptoms was evaluated by experienced psychiatrists using the Positive and Negative Syndrome Scale (PANSS), which includes three sub-scales (positive symptoms, negative symptoms, and general psychopathology). The cognitive test was conducted by trained and skilled research assistants using the Brief Assessment of Cognition in Schizophrenia (BACS). The BACS tests participants in four domains including verbal memory, processing speed, reasoning and problem solving, and working memory (Keefe et al., 2008) . A composite score combining data across subtests was the primary outcome for the following analysis (Eng et al., 2013; Wang et al., 2017) .
Statistical Analysis
The statistical analysis for non-imaging data was conducted using SPSS for windows, version 22.0. The continuous variables were compared using a two-sample t-test and the categorical variables were analyzed using a chi-square test. The p-value was two tailed at a significance level of < 0.05.
To explore the differences of diffusion parameters between schizophrenia patients and healthy controls, voxel-wise statistical analysis was conducted on the skeletonized images using FSL randomize (Winkler et al., 2014) with 5,000 permutations, with age and gender as covariates. Threshold-free cluster enhancements (TFCE) (Smith and Nichols, 2009 ) was used for the multiple comparison correction, with a significance level at p < 0.05. The Johns Hopkins University International Consortium for Brain Mapping (JHU ICBM-DTI-81) WM labels was used to identify the regions showing group differences in diffusion parameters. To explore the relationship between the diffusion parameters (FA, AD, MD, and RD) and peripheral IL-10 and between diffusion parameters and symptom scores, the DTI values for each subject were extracted from the regions with significant differences between these two groups (cluster size > 50 voxels) (see Supplementary Table S1 ). The cluster size was defined as the voxels with p < 0.05 and t-value > 3 and was highly conservative compared with previous studies (Dineen et al., 2009; Meng et al., 2018) , based on the calculation method suggested by Bullmore et al. (1999) .
Linear regression analysis using a stepwise method was performed to examine the relationship between serum IL-10 levels and DTI values (FA, AD, RD, and MD). The difference of correlation coefficients was calculated with the Fisher Z-Transformation test, via the application of the "cocor" package in R (Diedenhofen and Musch, 2015) . In addition, the relationship between IL-10/DTI values and clinical variables (including BMI, illness duration, CPZ equivalent, PANSS scores, and BACS score) was investigated using Pearson correlation. False discovery rate (FDR) was applied for multiple comparison correction and statistical significance was defined as less than 0.05.
In the exploratory analysis, to investigate the differences of diffusion parameters between schizophrenia patients and healthy controls, voxel-wise statistical analysis was conducted on the skeletonized images using FSL randomize with 5,000 permutations, with IL-10 as covariate. Threshold-free cluster enhancements (TFCE) was used for multiple comparison correction, with a significance level at p < 0.05. The Johns Hopkins University International Consortium for Brain Mapping (JHU ICBM-DTI-81) WM labels was used to identify the regions showing group differences in diffusion parameters. Findings are available in the Supplementary Materials.
RESULTS
Demographic and Clinical Data
The results of demographic and clinical variables are listed in Table 1 . There were no significant differences in age and gender between the schizophrenia and control groups. There were differences in BMI (schizophrenia: 23.40 ± 3.19 kg/m 2 ; controls: 22.09 ± 3.01 kg/m 2 , p = 0.04) and education (schizophrenia: 12.26 ± 2.76 year; controls: 14.49 ± 4.33 year, p < 0.01) between the two groups.
The levels of serum IL-10 were higher in patients than in controls (schizophrenia: 10.59 ± 0.24 pg/ml; controls: 9.27 ± 0.24 pg/ml, p < 0.001).
TBSS Results
Compared with healthy controls, a widespread reduction of FA were observed in patients, including the right superior longitudinal fasciculus, left inferior fronto-occipital fasciculus, bilateral sagittal stratum, corpus callosum (including genu, body, and splenium), bilateral posterior thalamic radiation (including the optic radiation), right posterior corona radiata and the left anterior corona radiata. A global increase in RD was also found in schizophrenia patients in the right sagittal stratum (include inferior longitudinal fasciculus and inferior fronto-occipital fasciculus), left posterior corona radiata, bilateral anterior corona radiata, body and splenium of the corpus callosum, bilateral superior longitudinal fasciculus and the left posterior thalamic radiation (include optic radiation) compared with the healthy controls. A widespread increase of MD was found in schizophrenia patients compared to the controls, with effects in the corpus callosum (including genu, body, and splenium), right superior corona radiata, right anterior corona radiata and the bilateral superior longitudinal fasciculus. In addition, significant AD reduction was found for the clusters in the right superior corona radiata, right anterior corona radiata and body, and the genu of callosum corpus (see Figure 1) . In addition, when adjusting for IL-10, the TBSS results of intergroup comparisons were similar with the TBSS findings with age and gender as covariates (see Supplementary Figure S2 ).
Regression Analysis Between IL-10 Levels and Diffusion Measures
Regression analysis showed significant negative correlations between peripheral IL-10 and FA in the right posterior thalamic radiation (β = −0.51, p = 0.01) and left inferior fronto-occipital fasciculus (β = −0.47, p = 0.02) across patients, but not in the controls (β = −0.01, p = 0.95 and β = −0.003, p = 0.98, respectively). The correlation coefficients were statistically different between these two groups (z = 2.50, p = 0.01 and z = 2.37, p = 0.02, respectively). Significant negative correlations between IL-10 and MD were found in the right parietal arcuate fasciculus (β = −0.39, p = 0.048) and the body of the corpus callosum (β = −0.43, p = 0.03) in patients, but not in the controls. The correlation coefficients were significantly different (z = 2.48, p = 0.01 and z = 2.61, p < 0.01, respectively). In addition, we also found a positive correlation between IL-10 and RD in the right parietal arcuate fasciculus across patients (β = 0.45, p = 0.04) but not in the controls (β = 0.26, p = 0.94). There was no significant difference in the correlation coefficients (z = 0.98, p = 0.32) (see Figure 2) . No significant correlation was found between AD changes and peripheral IL-10. Figure S1 ).
DISCUSSION
Focusing on IL-10, a key anti-inflammatory cytokine, the current study provided direct evidence supporting that elevated peripheral IL-10 was related to the disrupted WM integrity of certain bundles in schizophrenia. It therefore provides novel information about the role of cytokines, especially IL-10 in the neuropathology of schizophrenia and adds more evidence relevant to the neuroinflammatory model of schizophrenia. In our study, systemic IL-10 levels were higher in schizophrenia patients than in healthy subjects, consistent with previous studies (Kunz et al., 2011) and further supporting that the dysregulation of systemic IL-10 is related to the pathogenesis of schizophrenia. Although it remains unclear why the association between systemic IL-10 and WM integrity only existed in schizophrenia patients but not in controls, we assumed that microstructural WM might be more sensitive to IL-10 in patients than healthy subjects. The assumption was supported by the evidence that peripheral cytokines could easily penetrate the blood-brain-barrier (BBB) due to the activated endothelial cell and increased permeability of BBB in schizophrenia (Khandaker and Dantzer, 2016) . In addition, a study by Vanessa et al. found that premature newborns with WM injury, who had a high risk of developing mental illness (Baer et al., 2016) , had higher IL-10 levels in both cerebrospinal fluid and plasm (Ellison et al., 2005) .
How IL-10 might affect microstructural WM integrity remains unclear. Reduced FA values are thought to be related to the disrupted integrity of microstructural WM, impaired axonal membrane and/or demyelination (Beaulieu, 2002) . Although the mechanism of reduced FA in schizophrenia is not well-known yet, it is important to note that high IL-10 levels in serum were negatively associated with reduced FA in the posterior thalamic radiata and the inferior fronto-occipital fasciculus in our study. A study in vitro found that IL-10 stimulated the activity of macrophage phagocytosis and microglia, which greatly increased myelin phagocytosis (Smith et al., 1998) . In addition, a previous study found that IL-10 could enhance initial demyelination via inhibiting the production of interferon γ (IFN-γ) (Puntambekar et al., 2015) while another study suggested that the inflammatory score composited of IL-10, TNF-α, IL-1β, and IL-23 was negatively associated with lower FA within periventricular WM in Alzheimer's disease (Swardfager et al., 2017) . Given that increased RD is related to demyelination (Song et al., 2005) , the pattern that higher IL-10 is related to higher RD in schizophrenia, as observed in our study, further supports that IL-10 may be involved in the demyelination of WM. Additionally, IL-10 was also associated with the integrity of the axonal membrane (Atkins et al., 2007) . The evidence suggests that WM injury may occur under high serum IL-10 in schizophrenia. However, reduced FA is related not only to myelin and axonal integrity but also to neurofilaments, extracellular water content, and track geometry (Jones et al., 2013) . IL-10 has been reported to enhance re-myelination and neuron/axonal growth (Gaupp et al., 2008; Yang et al., 2009) , and re-myelination can cause shorter internodes and thinner sheaths, which could increase MD (Peters, 2009; Jelescu et al., 2016) . Parallel animal studies are required to clarify the role of IL-10 in these factors. Our study found that by adjusting for IL-10, a widespread FA/AD reduction and MD/RD increase in schizophrenia patients compared with controls. Peripheral IL-10 did not alter the abnormalities of WM in patients but peripheral IL-10 was related to WM integrity, indicating that the peripheral IL-10 may play a regulatory role in the disruption of microstructural WM integrity and the pathogenesis of schizophrenia.
Our study noted that peripheral IL-10 was associated with diffusion measures (FA and MD) in certain bundles including the right posterior thalamic radiation, left inferior frontooccipital fasciculus, corpus callosum and the arcuate fasciculus. FA reduction of the right posterior thalamic radiation and the left inferior fronto-occipital fasciculus, and MD increase in the corpus callosum have been reported in previous neuroimaging studies of schizophrenia (Fitzsimmons et al., 2013; Gong and He, 2015; Sun et al., 2015; Kelly et al., 2018) . The posterior thalamic radiation projects fibers to the parietal, temporal and occipital cortex and processes information on body image (Frieling et al., 2012) while the damage to the posterior thalamic radiation could result in self-perception deficits (Lee et al., 2016) . In addition, the inferior fronto-occipital fasciculus connected directly to the frontal and occipital areas (Martino et al., 2010) and reduced FA in this tract was associated with positive symptoms, negative symptoms and auditory-verbal hallucinations in schizophrenia (Curcic-Blake et al., 2015; Oestreich et al., 2016) . Furthermore, abnormality of the corpus callosum is associated with reality distortion (i.e., hallucinations and delusions) (Whitford et al., 2010) and negative symptoms in schizophrenia (de Witte et al., 2014) . It was also noted that the dysregulation of systemic IL-10 was also related to the negative and general symptoms of schizophrenia (Xiu et al., 2014; Kapelski et al., 2016) , as well as cognitive function (Xiu et al., 2016) , indicating a link between systemic IL-10, WM integrity and clinical symptoms in schizophrenia. However, our study did not observe a significant association between peripheral IL-10 and clinical assessments in schizophrenia, which might be due to several confounding factors including the relatively small sample size and antipsychotic medication.
The present study had some limitations. First, the sample size was relatively small and studies with larger sample size are required to replicate our findings in the future. Second, the patients in our study were medication free but not drug-naïve, so the potential effects of antipsychotic medication could not be excluded completely. However, once patients were diagnosed with schizophrenia, antipsychotics were immediately administered, before they underwent MRI scanning. Thus, studying patients who are medicated would render findings with a higher generalization. Additionally, investigating pathophysiological changes in patients who are in a clinically stable stage, is also important to identify more convincing findings, since patients at an earlier stage, for example first episode patients, may not have a stable pathophysiology underlying the illness. Third, the cross-sectional nature of our study was limited to determine whether there is a causative relationship between peripheral IL-10 and the alterations of WM integrity in schizophrenia. It is not clear about the longitudinal profile in patients, with respect to the course of schizophrenia. Forth, although IL-10 is a critical cytokine in the immune response, which is a complex process involving many factors. Therefore, future studies investigating more inflammatory mediators and examining their relationship with microstructural WM integrity are necessary for better understanding the pathophysiology of schizophrenia. Fifth, although TBSS analysis is a robust, sensitive and commonly used method in diffusion MR studies, future studies using more methods of DTI analysis are necessary to replicate our findings. Finally, the study only conducted the DTI analysis while an optimized design is necessary to verify the WM abnormalities that could affect DTI results.
In summary, our study revealed that patients with schizophrenia presented elevated peripheral IL-10 levels, which was also related to the deficits of certain WM bundles, including the right posterior thalamic radiation, left inferior frontooccipital fasciculus, the body of corpus callosum and the arcuate fasciculus. This observation provided in vivo evidence supporting the role of IL-10 in structural dysconnectivity, relevant to the neuropathology of schizophrenia.
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